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Potential Use of Ultrasound Speckle
Tracking for Motion Management 
During Radiotherapy
Preliminary Report
s the conformality of radiotherapy improves, the impor-
tance of accounting for geometric uncertainties in tumor
and normal tissue positions increases. In mobile regions
such as the thorax and abdomen, tumor motion has been described
as up to 2 to 3 cm for lung, pancreas, and liver malignancies, mostly
in the superior-inferior direction, although anterior-posterior mo-
tion can also be substantial.1–3 Even in the pelvis, prostate motion
can be considerable.4
Traditionally, large uniform margins have been added to the
intended treatment target to generate a planning target volume, with
the intent of covering the full range of motion with full-dose radia-
tion. This process results in large radiotherapy fields, poor tolerance
of treatment, and limited radiation doses if organs at risk are nearby.
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TECHNICAL INNOVATION
We prospectively evaluated real-time ultrasound speckle tracking for monitoring soft tis-
sue motion for image-guided radiotherapy. Two human volunteers and 1 patient with
a proven hepatocellular carcinoma, who was being prepared for radiation therapy treat-
ment, were scanned using a clinical ultrasound scanner modified to acquire and store ra-
diofrequency signals. Scans were performed of the liver in the volunteers and the patient.
In the patient, the speckle-tracking results were compared to those measured on a treat-
ment-planning 4-dimensional computed tomogram with tumors contoured manually
in each phase and with estimates made by hand on gray scale ultrasound images. The
surface of the right lung and the prostate were scanned in a volunteer. The liver and
lung surface were scanned during respiration. To simulate prostate motion, the ultra-
sound probe was rocked in an anterior-posterior direction. The correlation coefficients
of all motion measurements were significantly correlated at all sites (P < .00001 for all
sites) with 0 time delays. Ultrasound speckle-tracking motion estimates of tumor mo-
tion were within 2 mm of estimates made by hand tracking on gray scale ultrasound im-
ages and the 4-dimensional computed tomogram. The total tumor motion was greater
than 20 mm. The angular displacement of the prostate was within 0.02 radians (1.1°)
with displacements measured by hand. Speckle tracking could be used to monitor organ
motion during radiotherapy. 
Key Words—radiation oncology; tissue motion; ultrasound; ultrasound speckle; ultra-
sound speckle tracking
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As tumor motion has been better characterized, it is now
apparent that motion varies from patient to patient, day to
day, and even breath to breath. Even a “large” 2-cm margin
may be inadequate in certain situations while extreme in
others.
To both ensure target coverage and minimize radia-
tion dose to organs at risk, motion must be accounted
for in both the planning and delivery of radiotherapy. 
Respiratory-correlated 4-dimensional computed tomog-
raphy (4DCT) can capture the motion of internal
anatomy.5,6 However, this method is performed before
the procedure and may not reflect the patient’s respira-
tory motion during treatment. Respiratory signals during
therapy can be measured from external marker tracking
of abdominal motion or respiratory belts.7 However, ex-
ternal signals can have a poor correlation with the actual
motion of internal anatomy.1,6,8–10
Thus, many groups use internal gold or carbon fidu-
cials, or electromagnetic tracking devices implanted
within or near tumors, to monitor the target position.11–13
Although these fiducials can provide important informa-
tion, they require an invasive procedure for implantation.
A conceptually simple way to manage motion is to
suspend it through the use of a device such as active breath-
ing control, which allows radiation oncologists to minimize
the planning target volume to as little as 5 mm by elimi-
nating the respiratory motion component of geometric un-
certainty.11 Active breathing control ensures target
coverage and minimizes unnecessary radiation to organs
at risk. Although this method has allowed for dose escala-
tion with reduced side effects, it is uncomfortable for pa-
tients and time and labor intensive in the clinic.
Ultrasound imaging is a robust and proven method
for evaluating tissue motion in real time.14–22 Ultrasound is
particularly attractive in this regard because it contains
speckle, which provides robust, densely positioned targets
for tracking tissue motion.23 Speckle tracking of tissue mo-
tion has proven to be highly accurate, easily to submil-
limeter accuracies at standard ultrasonic frequencies, and
has led to a large and ever-expanding number of medical
applications that involve ultrasound speckle tracking for
motion estimates. These include elasticity imaging, blood
flow measurements, cardiac strain imaging, extended field
2-dimensional (2D) imaging, and 3-dimensional (3D)
image production from 2D slices.15,17–22,24,25
A series of papers have suggested that ultrasound
speckle tracking could be used to monitor physiologic mo-
tion during radiation oncology treatments.26–29 They dis-
played the feasibility of ultrasound speckle tracking or
feature/lesion tracking in a radiation treatment environ-
ment. Tracking has been tested in a speckle-containing
phantom while a treatment beam was on.27 Furthermore,
Harris et al28 also showed that speckle tracking could be
used to monitor motion of the liver in normal human vol-
unteers in 3D during respirations, and that the motion es-
timated using speckle tracking compared favorably to the
motion predicted when an operator interactively tracked
features in the liver. Their tracking was performed offline.
In this study, we performed real-time 2D tracking of
liver respiratory motion using specially designed soft-
ware originally designed for tracking cardiac motion. 
We demonstrate accurate tracking of liver motion, and fur-
thermore, we demonstrate the ability to track the lung
surface and simulated prostate motion in real time. Finally,
we compared the estimated respiratory-induced motion
using speckle tracking of a liver containing a hepatocellu-
lar carcinoma with motion estimates made by human op-
erators tracking the tumor’s motion on ultrasound images
and on a 4DCT scan performed before treatment.
Materials and Methods
Two healthy volunteers and a 78-year-old man with a 4.2-
cm hepatocellular carcinoma in the right lobe of the liver
were enrolled in a University of Michigan Institutional 
Review Board–approved prospective study with written
informed consent obtained in all cases. The ultrasound
scans were performed using a clinical ultrasound scanner
(Epsilon Imaging; Ann Arbor, MI) specially designed to
acquire ultrasonic radiofrequency (RF) signals at very high
acquisition rates of more than 200 frames per second.
These high frame rates are crucial to the primary applica-
tion for the device, which is measurement of cardiac strains
during heart motion, and this device has proven to be
highly accurate at measuring tissue motion at these frame
rates.30 This high frame rate also made it possible for us to
modulate the tracking rate for the different applications.
Strain and strain rate images describing tissue deformation
and tissue velocity images describing tissue motion can be
displayed at real-time rates on the order of 30 frames per
second. Furthermore, motion data can be analyzed offline
using a workstation-based software application (EchoIn-
sight; Epsilon Imaging).
Tracking was performed on the RF signals. The
tracking method is based on complex (ie, real and imag-
inary numbers) cross-correlation algorithms as previ-
ously described.17 Briefly, this phase-sensitive method
tracks speckle motion by comparing RF signatures from
acquisition to acquisition within small regions of interest
(ROIs) and then assigns displacements to the regions
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based on maximum correlation coefficients. The location
with the highest correlation coefficient match is the as-
signed position for each displacement. The method is well
accepted17 and can very accurately estimate tissue motion
to submillimeter accuracies along the ultrasound beam at
standard diagnostic ultrasound carrier frequencies.
Scanning Technique
For the liver images and the transperineal images of the
prostate, we used an approximately 2.5-MHz phased array
probe. The RF sampling rate during these acquisitions was
10 MHz at a frame rate of 63 Hz.
Liver scanning was performed between the ribs, and
images were generated in a cephalad-caudad direction so
that motion across the image would correspond to stan-
dard inspiration and expiration displacements. The
method does not require that specific hepatic structures be
identified but rather that only liver parenchyma be posi-
tioned within the scan (Figure 1).
For evaluation of the prostate, transperineal images
were produced in the longitudinal orientation as well
(Figure 2). Since prostate displacements are produced
by random and sometimes infrequent contractions of ad-
jacent bowel or bladder filling, we could not reliably pro-
duce this motion in an experimental setting. To simulate
prostate motion, we rocked the ultrasound scan head in
an anterior-posterior direction. The scan head motion
will produce the appearance of motion in the stationary
prostate gland, and the apparent displacements will ap-
pear as motion across the image. The speckle displace-
ments will be similar to what would occur with an actually
moving prostate and a stationary ultrasound scan head.
We rocked the scan head sufficiently to produce a simu-
lated total displacement of the prostate of about 1 cm on
average, which covers the typical intrafraction displace-
ments of the prostate during radiation therapy treat-
ments.35,36 Multiple experiments performed by us and
others have shown that displacement estimates made by
speckle-tracking RF signals in ultrasound phantoms and
in vivo are highly accurate.27,28,30 Since the motion was
angular, the linear displacement varied across the scan
image with displacements increasing with depth from the
scan head. We also rocked the ultrasound probe suffi-
ciently rapidly to simulate displacement rates of about 2
to 3 cm/s depending on the distance from the ultrasound
probe.
Scans of the right lung surface were made using an ap-
proximately 6.0-MHz linear array transducer (Figure 3).
The scans were performed intercostally, so the absolute
orientation was defined by the angle of each interspace rel-
ative to the long axis of the body. Thus, the motion was not
perfectly in the cephalad-caudad direction, although we
tried to scan as close to the cephalad-caudad direction as
possible. Since ultrasound does not propagate beyond air-
soft tissue boundaries, the lung surface appears as a very
bright line across each ultrasound image (Figure 3). The
RF sampling rate for the lung surface acquisitions was 20
MHz at a frame rate of 105 Hz.
The 4DCT scans were performed with a Brilliance Big
Bore 16-slice CT scanner (Philips Healthcare, Cleveland,
OH). The scanning parameters were 120 kVp, 600 mAs, 3-
mm slice thickness, 10 equally spaced breathing phases,
0.08 pitch, 3.8-mm/s couch velocity, and 0.5-second tube
rotation. A respiratory trace was obtained using a bellows
and was correlated with CT images. The respiratory cycle
was divided into 10 equally spaced phases, from maximum
inhale to maximum exhale, and the CT images were sorted
into the appropriate phases. 
Motion Capturing
For each organ in the healthy volunteers, 3 ROIs were se-
lected. The selected ROIs in the liver, prostate, and lung
surface had dimensions of approximately 1.0 × 1.5 cm, 
1 cm2, and 2 × 5 mm, respectively. Each of the motion se-
quences were captured over 2-second intervals. At least 1.6
seconds of each interval was used for tracking. The ROIs
moved in 2D with the moving speckle. For purposes of dis-
play, the 1 dimensional (1D) component along the pri-
mary motion direction (ie, the direction with the greatest
motion) was plotted with respect to time on one plot, and
we also present plots of the corresponding orthogonal mo-
tion in a second plot (Figures 1B and 3F). The plots rep-
resent the motion of the center of each ROI. For the liver,
the primary axis of motion tracking was nearly cephalad-
caudad, while the lung surface motion direction was some-
what oblique as mentioned above. Within any respiratory
cycle, each different ROI in an image was represented by a
different color (Figures 1–3).
In the patient with hepatocellular carcinoma, the
motion of the tumor was tracked in a coronal plane in a
cephalad- caudad direction similar to the healthy volun-
teers. The tracking was performed from full inspiration to
full expiration over 2 seconds on the ultrasound scans. An
ROI similar in size to those used in the volunteers was
drawn around the tumor. The speckle in the ROI was again
tracked over the 2-second interval. Then the images from
the sequence were transferred to a personal computer, and
the motion of the tumor was tracked by hand on the com-
puter display by one of the investigators (J.M.R.). The
tumor motion was tracked 4 times.
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These values were compared to the displacement es-
timate on the 4DCT. The liver tumor was contoured on
the inhale and exhale positions by a radiation oncologist
(M.F.) (Figure 4). The displacement of the centroid of the
tumor between the two phases was calculated.
For the prostate, the gland was imaged transperoneally
in the sagittal orientation. The motion was artificially in-
duced by rocking the ultrasound scan head so the gland ap-
peared to move in an approximately anterior-posterior
direction. The true motion was angular with the apex of the
angle positioned at the peroneal surface at the site of contact
of the scan head. For the lung surface, the ROIs were placed
along the lung surface-soft tissue boundary. Regions of in-
terest placed beyond the boundary would only be register-
ing noise. During respiration, the boundary moved, and
each ROI moved with the moving boundary.
Radiofrequency data from the lung surface were fil-
tered to remove the strong static specular reflectors and
static noise signals at the air-soft tissue interface. A high-
pass, finite impulse response, 3-point Hanning high-pass
filter with coefficients (–0.25, 0.5, and –0.25) was applied
between successive RF frames (Figure 3D). Similar filters,
often called wall or clutter filters, are typically used in ul-
trasound Doppler processing to remove stationary tissue
signals during blood flow measurements and were useful
in removing the strong static lung surface echoes in this ap-
plication. 
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Figure 1. A, Longitudinal scan of the right lobe of the liver used for track-
ing. There are 3 rectangular regions of interest (ROIs), indicated by red,
green, and blue ovals, marked in the liver. Each specifically tracked region
is the rectangle within each oval. These were tracked over a 2-second res-
piratory cycle. The right kidney (thin arrows) is noted deep to the liver, and
the diaphragm (large arrow) is noted along the left side of the image. The
estimated linear displacement measured on the ultrasound scanner screen
for comparisons with the speckle tracking was made at the red ellipse (see
B and C). B, Composite showing 3 images representing different locations
in the liver of a healthy volunteer taken during the 2-second breath corre-
sponding to A. Three points labeled with red, blue, and green circles cor-
respond to those in A. Below the 3 images are the time profiles of the
motions of the 3 positions during the respiration. The profiles, which are
labeled with the colors of their corresponding points, represent the aver-
age motion of the speckle in the 3 different ROIs. The profiles in the plot la-
beled x motion correspond to the average motion in the cephalad-caudad
direction, while the profiles in the plot labeled y motion correspond to the
orthogonal motion to those shown in x motion image. Relatively little mo-
tion is seen in the orthogonal direction. Notice that the x motions are highly
correlated, although there is some variation. Some of this variation could
actually be due to deformation in the liver during respiration.31–34 C (oppo-
site page), This image shows the change in position for the tracking meas-
urement made by hand by a human observer from A to B, which is full
expiration to full inspiration on the left side of the image, and then B to C,
which is full inspiration to full expiration on the right side. The displace-
ments are represented by the yellow lines in each image, with the liver-
 kidney boundary marked by a white arrow in each segment. (This motion
is represented by the red curve in the displacement-time plot in the middle
of the image.) Notice that A-B does not equal B-C, which shows how res-
piratory displacements can vary even in relatively controlled circumstances
such as an imaging experiment such as this. The corresponding positions
in the respiratory cycle for each image are depicted by a blue arrow point-
ing from each image frame to the corresponding time point in the plot. The
A-to-B displacement is 16 mm; the B-to-C displacement is 21.5 mm. 
A
B
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Figure 2. A, Two-dimensional ultrasound scan of the prostate. There are 3
approximately 1-cm square regions of interest (ROIs) in the gland marked
with green, red, and blue ovals. The cephalad margins of the gland are
marked with white arrows. The scan apex is on the perineum. The estimated
linear displacement measured on the ultrasound scanner screen for com-
parisons with the speckle tracking was made at the red ellipse. Anterior,
posterior, and cephalad directions are marked on the image. B, Angular
tracking profiles for the 3 ROIs in the prostate shown in A. The profiles in the
plot correspond to the motion of the center point in each ROI. The 2 images
at the top of the composite show the displacements of the angular sweep
at a depth of 4 cm from the transducer where the absolute linear displace-
ment distance is represented by the yellow line in each image. The white
arrow in each image marks the position of a specific tracked point in each
image. This displacement was tracked interactively on the cine loop of the
moving prostate made by rocking the transducer. The linear displacement
of the tracked point was 8.5 mm at 4 cm corresponding to 0.21 radians (12°). 
A
B
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Figure 3. A, Unfiltered gray scale image of the surface of the right lung
in a near sagittal orientation. The lung surface is marked with arrows.
The static background echoes are visible in this representation. B, Fil-
tered image of the surface of the lung. The surface of the lung is again
marked with arrows. The static soft tissue echoes superficial to the lung
surface have been removed by the filter. Only the lung surface and re-
verberation noise deep to the surface are now visible. This image has
higher contrast than the unfiltered image. C, Filtered image of the sur-
face of the lung now with three 2 × 5-mm rectangular regions of inter-
est (ROIs) lying along the lung-soft tissue boundary (arrows). Each
ROI is surrounded by an oval: blue, red, or green. The B-mode image
is formed from high-pass–filtered (ie, clutter-filtered) radiofrequency
data (B). Stationary signals arising from specular reflections and noise
at the lung-tissue interface and the stationary surrounding tissue have
been reduced or eliminated. D (opposite page), Frequency response
of the high-pass finite impulse response filter used to remove the static
signals at the lung-soft tissue boundary. E, Motion of the 3 ROIs
marked in C over a portion of the respiratory cycle. Notice that the final
1 second from 0.6 to 1.6 seconds corresponds to full inspiration to full
expiration. The profiles in the plot represent the motion of the center
point in each ROI. Again, they are highly correlated with some tracking
variation. The total displacement is about 1 cm. F, Simultaneous mo-
tion of the 3 ROIs marked in E over the same respiratory cycle but in
the orthogonal direction to the motion shown in E. The profiles in the
plot correspond to the motion of the center point in each ROI. Note
that there is very little motion in this direction compared to E. G, Dis-
placement of the lung boundary based on tracking the unfiltered
image in A. Notice that the magnitude of the measured displacement
is 3 to 4 mm instead of the 1 cm tracked in E. The decreased measured
motion is due to the predominance of stationary echoes from either
clutter or stationary specular reflectors in the image, which dominate
the correlation tracking.
A C
B
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Statistical Analysis
We tracked the absolute motion of each ROI, and these
motions were displayed graphically as 1D displacements
as a function of time. We then performed 2-time temporal
correlations among all of the ROIs in an acquisition to see
how similar the tracking was throughout each motion ac-
quisition. We compared the phase relationships between
the different acquisitions to see if there were any systematic
time delays among the acquisitions. Perfect tracking and
identical motion would have temporal correlations of 1
and time/phase delays of 0. We compared the pair corre-
lations using a null hypothesis of 0 correlation between the
pair of points. We chose a significance level of P < .05 as a
significant correlation between points. Furthermore, we
measured the total displacement of the points in the liver
and lung surface over a standard breath and estimated the
root mean square (RMS) variations in the total displace-
ments over the respiratory cycle among 3 selected posi-
tions in the liver and lung surface.
For the prostate, we made similar measurements;
however, since the motion was angular by design, points
farther away from the point at which the transducer was
being rocked would move faster and farther than those
closer to the transducer. Therefore, we performed the cor-
relations in angular coordinates and measured the corre-
lations in angular displacements. The criterion for rejection
of the null hypothesis, ie, no correlation in the angular mo-
tion, was still P < .05, and we estimated the tracking error
between regions in RMS variation in the overall angular
displacement through one sweep of the transducer from
posterior to anterior and back to the starting point.
J Ultrasound Med 2012; 31:469–481 475
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Finally, as a benchmark for the motion estimates in the
liver and prostate, we measured the displacements of the or-
gans using measurement calipers provided by the analysis
software. Features were identified in the original image of
each sequence, visually tracked by a human operator (J.M.R.
or J.D.H.), and measured by hand to determine their over-
all displacement. In the liver, the speckle-tracking displace-
ments were compared to the liver-right kidney boundary.
Three measurements of the boundary motion were made.
For the prostate, the boundary of the gland was marked and
tracked at a depth of 4 cm from the contact point on the 
perineum. Using the atan to estimate the angular displace-
ments, 3 estimates of the angular displacement were calcu-
lated. A similar comparison could not be made of lung
surface motion because there were no identifiable anatomic
structures that could be interactively tracked. We then com-
pared the speckle-tracking total displacements to those
made using standard caliper measurements. Since only a few
measurements were made in each case, we used these meas-
urements only to confirm that the speckle-tracking esti-
mates are “close” to those estimates using visual features.
For the patient with hepatocellular carcinoma, the
tumor displacement was estimated using the centroid of
the tumor contoured on end-inhale and end-exhale CT
images reconstructed from 4DCT. Again, since only 1 pa-
tient with liver cancer was studied in this preliminary work,
a statistical comparison of the methods cannot be per-
formed. However, we display the ultrasound-produced dis-
placement estimates along with those from the 4DCT for
comparison (Table 1). 
Results
For the normal liver tracking, the average total peak 
inhalation-to-peak exhalation and vice versa displacements
were measured at 3 sites. The RMS variations among the
measurements, the average correlation coefficients between
the measurements in the liver, the fractional tracking varia-
tion among the measurements [(RMS variation)/(average
total peak-to-peak motion)], and the approximate peak ve-
locity in the primary motion direction for the liver are
shown for speckle tracking. For comparison, measure-
ments of the interactive tracking by a human of the liver-
right kidney boundary are shown (Table 2). Figure 1
depicts 3 selected regions in the liver whose motions were
tracked using speckle tracking and direct measurement by
a human observer from the acquired video. The same
holds true for the lung surface, except we captured only the
peak inhalation-to-exhalation portion of the cycle in its 
entirety (Table 2). Figure 3, A–F, shows the lung motion,
filtered and unfiltered, as depicted by speckle tracking.
Table 3 and Figure 2 show the apparent angular dis-
placement results induced in the prostate of a volunteer by
rocking the transducer on the perineum. The angles cal-
culated from the human interactive tracking results are the
atan of the horizontal displacement of the margin of the
prostate at a 4-cm depth.
The liver images are from volunteer 1, and the lung and
prostate images are from volunteer 2. In all cases, maximum
temporal correlations always occurred with 0 phase shift
between plots, suggesting no time delays among the points.
For the patient with the right lobe hepatocellular car-
cinoma, the comparative results among the 3 tracking
methods are shown in Table 1 with the images showing
the tumor motion on 4DCT (Figure 4A), human track-
ing using the gray scale video output (Figure 4B), and
speckle tracking for motion estimation (Figure 4C). The
ultrasound and CT displacements are all full inspiration
to full expiration. The preliminary comparisons are very
concordant.
Discussion
We were able to use 2D ultrasound speckle tracking to map
the motions of the liver, right lung surface, and prostate
(Figures 1–3) in healthy volunteers and a tumor in a pa-
tient with hepatocellular carcinoma (Figure 4). As demon-
strated, the speckle tracking of tissue motion is highly
reproducible, precise, and acquired in real time. Other im-
portant features are that no implantable markers and no
additional radiation are necessary to acquire images. The
tracking ROIs are generic and not restricted to specific por-
tions of each organ’s anatomy. Motion estimates are based
on tracking the speckle inherent in the ultrasound images.
Ultrasound speckle tracking is robust and extremely well
characterized.17 Multiple previous works have demon-
strated the accuracy of tissue displacements based on
speckle tracking in vivo and in vitro.27,28,37 These accuracies
Rubin et al—Ultrasound Speckle Tracking for Tissue Motion
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Table 1. Comparison of 4-Dimensional Computed Tomography,
Tracking by Hand, and Speckle Tracking of a Liver Tumor
Measurement Method Displacement, mm
4DCT 21.2a
On-screen tracking by hand 22.9 ± 1.1
Speckle tracking 20.7 ± 0.3
Relative displacement estimates of a right hepatic lobe hepatocellu-
lar carcinoma during full expiration among 4-dimensional computed
tomography (4DCT), on-screen motion tracking by a human volun-
teer, and automated speckle tracking. Values are mean ± SD.
aOne measurement.
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are on the order of millimeter and submillimeter lev-
els.27,28,37 The degrees of accuracy can be beam profile and
depth dependent, but these properties are well known and
should be easily accountable when ultrasound is used to
monitor tissue motion during radiation oncology treat-
ments.38
We noted that fractional tracking variations were from
about 7% to 15%, with the liver being the highest. Although
these numbers are very small for comparison, the fact that
the liver has the highest variation is not really a surprise be-
cause it is well known that there is actually tissue deforma-
tion occurring in the liver when it is being displaced by
respirations.31–34 This deformation would add variability
to the liver displacement measures, even though this vari-
ability would be a reflection of the true liver motion. The
angular variations in our prostate scans are solid-body mo-
tions, which would have no such variations, while the lung
motion is a complex volumetric motion,39 and we are only
imaging the surface. Thus, the lung might be deforming in
ways we cannot detect with our technique. A larger study
would be necessary to analyze these effects.
Speckle tracking would be very simple to implement
for daily radiation treatments. All one need do is attach an
ultrasound transducer to the patient’s body and produce
an image somewhere in the organ of interest. The trans-
ducer itself could actually represent nothing more than an
attachable ultrasound transducer. It need, in theory, be no
larger than a standard electrocardiographic lead. In fact,
multiple elements could be attached similar to multiple
electrocardiographic leads, with each element acting as a
reliability check for the other elements. Furthermore, with
multiple elements, it will be possible to estimate actual de-
formations in motion or to estimate 3D motion using sim-
ple 1D transducer arrays.
Another big advantage of the method is that the qual-
ity of the actual images can be quite low. Since we are only
interested in identifying the target, speckle-containing
organ, specific structural details such as portal veins, bile
ducts, and hepatic veins in the liver or the peripheral zone,
urethra, and seminal vesicles for prostate scanning need
not be seen. Therefore, one can use low-frequency, small-
aperture, phased array probes that guarantee penetration at
the expense of spatial resolution. The spatial resolution
trade-off would be on the order of 1 mm or less, so the
practical cost in terms of tracking would be low.
Of course, ultrasound imaging only gives motion rel-
ative to the ultrasound probe. For purposes of full posi-
tioning, it will be important to know where the probes are
relative to the room coordinate system, so if the patient
moves his or her body, the radiation therapy beam can be
J Ultrasound Med 2012; 31:469–481 477
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Table 2. Liver and Lung Motions
Average Displacement Average Correlation Fractional Peak Velocity
Using Speckle Coefficient Between Linear Tracking in Primary Motion Freehand Distance
Organ Tracking ± SD, mm Regions ± SD Variation, % Direction, mm/s Estimate ± SD, mma
Liver (e to i) 14.3 ± 2.1 0.9980 ± 0.0012b 14.7 ≈30 14.9 ± 1.4
Liver (i to e) 20.0 ± 2.6 0.9960 ± 0.0016b 13.0 ≈30 22.7 ± 1.5
Lung surface 10.0 ± 0.72 0.9987 ± 0.0079b 7.2 ≈25 NA
Motion characteristics for the liver and lung surface. The liver motion was divided into full expiration (e) to full inspiration (i) and full inspiration to full ex-
piration displacements separately. We were able to divide the liver motion because of the rapid respiration rate during the liver motion acquisition. 
aEstimate made from linear displacement of the red ellipse in Figure 1A.
aP < .00001.
Table 3. Prostate Motion
Average Angular Average Peak Velocity Freehand
Rotation Correlation Fractional Across Rotational
Using Speckle  Coefficient Angular Beam at the Measurement
Tracking, Between Tracking Position of the Estimate, 
Organ radians Regions Error, % Prostate, mm/s radiansa
Prostate 0.23 ± 0.02 0.9980 ± 0.0014b 8.7 ≈25 0.25 ± 0.01
Detected artificial motion produced in the prostate by rocking the ultrasound probe. The peak velocity across the beam was estimated at about
5 cm from the transducer. The velocity will, of course, be depth dependent. Values are ± SD where applicable.  
aEstimated angular displacement measured on the ultrasound scanner screen for comparsion with speckle tracking was made at 4 cm using
atan angle approximation.
bP < .00001.
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redirected or the treatment can be stopped. This process
would also be true for interfraction adjustments. These
contingencies would require that some form of tracking
marker be placed on each ultrasound transducer during
treatment sessions, which could easily be accomplished
using standard optical or magnetic tracking techniques.40
It again should be noted that these markers will be on the
patient’s skin and will require no invasive procedures to in-
troduce them.
Tracking the surface of the lung could be of interest if
one wanted to use ultrasound to estimate the motion of a
tumor that was within the lung parenchyma but did not
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Fig. 4. A, Four-dimensional computed tomographic scan showing the exhale (or inhale) phase from 4-dimensional computed tomographic position-
ing with orthogonal transverse (left image) and sagittal (right image) positioning. The inhalation tumor volume is drawn and displayed as a red structure,
and the exhalation position is displayed in yellow. The tumor motion was approximated to be 1.5 cm in both the anterior-posterior and cephalad- caudad
direction. The total displacement is 21.2 mm. B, Motion of the liver with the hepatocellular carcinoma measured by hand from the video images of the
ultrasound study. The total displacement of the motion is represented by the yellow line. The position of the tumor in each image is marked with a white
arrow. The left image is full inspiration, and the right image is full expiration. The length of the yellow line is 23 mm. C (opposite page), Motion of the liver
with the tumor from full inspiration (top left image) to full expiration (top right image). The images at the two extremes of the motion are shown with their
corresponding positions on the time displacements marked with arrows. The region of the tumor is marked on the images with a red circle.
A
B
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touch the surface of the lung, making it invisible to ultra-
sound. Sound does not enter air-filled lung, so the only part
of the lung that is visible is the insonified surface. The sur-
face of the lung is a large flat boundary compared to the
wavelengths of ultrasound used (about 150–500 μm). It
produces a specular reflection, which is different from a
standard speckle source composed of distributed scatter-
ers. Specular reflections do not support speckle tracking
along the reflector surface because there is no speckle vari-
ation. This lack of speckle as well as the substantial noise in-
troduced at this boundary due to sound reverberations
caused by the large air-soft tissue acoustic impedance dif-
ference makes tracking this surface challenging even
though the lung boundary is moving with respiration.
Thus, without filtering, the received echoes are a com-
bination of clutter signals, reflections from the large gas-
soft tissue surface, and signals from the moving lung
surface. This combined signal can be difficult to track be-
cause of speckle decorrelation due to interference/noise
such that the motion measurements can be biased toward
the stronger gas-soft tissue component, which in this case
is a large stationary signal. The clutter filter removes only
the stationary components, leaving the signal correspon-
ding to the motion of the lung surface.
One challenge that has been identified with using
speckle tracking to measure tissue displacements over time
periods typical of radiation therapy is measurement drift
due to biased tracking errors.28 A primary cause of these
errors is small interframe motion, where the true tissue mo-
tion is less than the smallest resolved motion of the speckle-
tracking algorithm, typically limited by noise or speckle
coherence. Successive frames of small motion can result
in considerable tracking drift. One solution is to adjust
the acquisition frame rate to ensure trackable interframe
motion. However, during radiation therapy monitoring
and guidance, the interframe motion will change due to
patient respiration and movement. In addition, adjusting
the frame rate for the smallest expected motion may re-
sult in difficulties at larger tissue velocities due to speckle
decorrelation or motion exceeding the tracking range of
the speckle-tracking processing. Adaptive frame decima-
tion offers an improved solution.41 Using this method, data
are acquired at frame rates needed for fast tissue motion
tracking, and the frame rate is adaptively reduced for slower
motions based on speckle correlation. In addition, track-
ing of image regions that do not change shape or deform
substantially over time (eg, tissue borders, blood vessels,
etc) can be used to correct for drift in speckle-tracking es-
timates.28
At least 2 previous papers have used electronic 2D
array probes for 3D speckle tracking,27,28 and 3D speckle
tracking has been shown to be highly accurate.16 However,
presently 2D ultrasound arrays are still largely develop-
mental, extremely expensive, and not in general use. In this
study, we performed our tracking in 2D, and our results
suggest that 2D tracking should easily suffice for the mo-
tions we would like to detect.
It is definitely possible that complex motion could
cause speckle to decorrelate due to out-of-plane motion
when using 2D tracking. Such occurrences would affect
the accuracy and quality of motion tracking. However, cor-
relation tracking is by nature a very good metric for as-
sessing the accuracy of tracking, and correlation coefficient
magnitudes are presently used to assess the quality of de-
formations during elasticity imaging.42,43 One could, in the
same way, use the tracking correlation coefficient magni-
tudes to assess whether speckle tracking of organ motion
during a radiation treatment session is reliable. If not, one
could ignore the speckle-tracking motion estimates and re-
vert to the previously used motion techniques such as
4DCT. Finally, given all of these considerations, organ
tracking for radiation oncology monitoring could be initi-
ated using 2D tracking with the conversion to 3D tracking
occurring once 2D arrays are inexpensive and generally
J Ultrasound Med 2012; 31:469–481 479
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available. Whether 2D tracking is sufficient will require val-
idation on an organ-by-organ basis.
Another obvious limitation of this study is that it was
performed on only 2 healthy volunteers and 1 patient with
a hepatocellular carcinoma. Although it is difficult to draw
major conclusions on such small numbers, we believe that
based on these preliminary results, ultrasound speckle
tracking has the potential to monitor the motions of these
organs, and such tracking is possible and feasible. Further
studies will need to actually validate this technique, which
could be a noninvasive way to track internal organ motion
during treatment delivery to ensure tumor coverage and
normal tissue sparing during radiotherapy.
These studies will have to overcome at least two dif-
ficulties we had in validating speckle tracking in this pre-
liminary study, ie, our inability to validate the motion
estimates of the lung surface and the inability to track true
motion in the prostate. Even in the liver, where we could
compare speckle tracking to the motion of true anatomic
points during respiration, the number of cases is small.
However, it should be possible to assess the robustness of
speckle tracking in each of these circumstances in humans.
In the liver, in addition to anatomic points, one can com-
pare speckle tracking to interactive ultrasound-based track-
ing of x-ray–visible implanted markers that are frequently
placed to monitor respiratory motion during radiation
treatment. These markers are visible on ultrasound imag-
ing and would generate very well-defined points whose
motions could be compared to speckle-tracking estimates.
In the lung and particularly the prostate, externally placed
magnetic beacons (Calypso Medical Technologies, Inc,
Seattle, WA) can be inserted to monitor organ motions
in 3D during radiation treatments.36 We can compare
speckle-tracking motion estimates to those of these bea-
cons as ground truth.
In conclusion, we have demonstrated the potential ap-
plication of ultrasound speckle tracking to monitor motion
of the liver, prostate, and lung surface as part of motion man-
agement strategies for radiotherapy. The method worked
well in a patient with hepatocellular carcinoma. The
method is robust, accurate, minimally user dependent, and
totally safe. Further studies tracking tumor motions in
more patients are planned. 
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